Introduction {#sec0001}
============

Recent studies on the Coronavirus Disease 2019 (COVID-19) pandemic caused by SARS-CoV-2 infection found that cardiac injury occurred in up to 30% of patients, and was associated with increased disease severity.[@bib0001] Myocarditis, an inflammatory disease of the myocardium, has been proposed to account for a proportion of cardiac injury, in addition to systemic inflammation. Myocarditis is classified as acute, chronic or fulminant, the latter being a sudden, severe manifestation associated with acute heart failure, cardiogenic shock and life-threatening arrhythmias. Viral infections such as enteroviruses and adenoviruses are common causes of myocarditis, which can cause a combination of direct cellular injury and T-cell cytotoxic response.[@bib0002] However, the evidence for COVID-19 myocarditis has been limited to case reports and case series, which is complicated by a difficulty in establishing a confirmed diagnosis.[@bib0003] The aim of this review was to summarise and describe cases of myocarditis caused by COVID-19 in order to increase the understanding of the presentation, clinical characteristics, diagnostic process and outcomes of this relatively rare but possibly severe presentation.

Methods {#sec0002}
=======

We performed a search on MEDLINE, Embase, Scopus, Web of Science, CENTRAL and OpenGrey on 3 June 2020. The search terms were "coronavirus" or "COVID" or "SARS" or "MERS" and "myocarditis" or "myopericarditis" or ''heart failure" or "myocardial inflammation" or "myocardium" or "cardiomyopathy" or "myocardial injury" or "cardiac injury". The search was not restricted in time, type or language of publication. The inclusion criteria were clinical studies on (1) laboratory-confirmed COVID-19 infection and (2) reported diagnosis of myocarditis. Additional articles were identified from hand searching of the references of reviews and included articles. Primary research studies including randomised trials, cohort studies, case series and case reports were included, and there were no limitations on publication type. Studies that did not report myocarditis e.g. cardiomyopathy or cardiac injury only and animal studies were excluded. Titles and abstracts were independently screened by two researchers (JSH and CHS) and discrepancies were resolved by discussion. Data from full texts were extracted onto a standardised form, which included the study type, viral infection, patient characteristics, investigations, management and outcomes.

Studies were grouped according to the method of diagnosis and certainty of myocarditis. Patients with myocarditis diagnosed on histopathological examination or cardiac magnetic resonance imaging (CMR) had "confirmed myocarditis", while patients with reported myocarditis without the above investigations had "possible myocarditis". The quality of the studies were assessed using validated scales such as the modified Pierson, Bradford Hills and Newcastle-Ottawa scale for case series and case reports.[@bib0004]

Statistical methods {#sec0003}
-------------------

Results were summarised in a results table and meta-summary, and statistical analysis were performed with SPSS (Version 25, Armonk, NY: IBM Corp.). Patients with confirmed cases were compared to possible cases in the meta-summary. Continuous variables were presented as mean and standard deviation (SD) or median and interquartile range (IQR). Categorical variables were presented as frequency and percentage.

Results {#sec0004}
=======

The primary search resulted in 764 studies after removal of duplicates from 1196 articles, 31 met the inclusion criteria and were included ([Fig. 1](#fig0001){ref-type="fig"} ). There were 24 case reports,[@bib0005], [@bib0006], [@bib0007], [@bib0008], [@bib0009], [@bib0010], [@bib0011], [@bib0012], [@bib0013], [@bib0014], [@bib0015], [@bib0016], [@bib0017], [@bib0018], [@bib0019], [@bib0020], [@bib0021], [@bib0022], [@bib0023], [@bib0024], [@bib0025], [@bib0026], [@bib0027], [@bib0028] 5 case series[@bib0029], [@bib0030], [@bib0031], [@bib0032], [@bib0033] and 2 cohort studies,[@bib0034] ^,^ [@bib0035] on a total of 51 cases of myocarditis and SARS-CoV-2 infection. The studies were of poor to fair quality due to the high risk of selection bias in case reports and small case series (Supplementary Table 1). The demographics and clinical characteristics of the included cases were presented in [Table 1](#tbl0001){ref-type="table"} . Overall, the median age was 55 (IQR 34.3--67.8), and 69% were male. Three cases were under 18-years-old, with 2 cases of children under 13.[@bib0015] ^,^ [@bib0019] ^,^ [@bib0024] The most common presenting symptoms were fever (62%), shortness of breath (48%), cough (48%), and chest pain (34%). Other reported symptoms include fatigue, nausea and vomiting, diarrhoea, myalgia, weakness and headache. Most patients had no reported cardiovascular co-morbidities, 8 (28%) had hypertension, 2 (7%) had diabetes mellitus, 2 (7%) had hyperlipidaemia.Fig. 1Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of the process of literature search, screening and inclusion of studies.Fig. 1Table 1Characteristics of published cases of coronavirus-induced myocarditis.Table 1VariableValid nTotal cases (*n* = 30)Confirmed myocarditis (*n* = 12)Possible myocarditis (*n* = 18)[\*](#tb1fn1){ref-type="table-fn"}P-valueAge (years)2649.3 (21.6)43.3 (23.2)54.4 (19.5)0.20Male2618 (69.2)3 (25.0)5 (35.7)0.68**Region of case origin**300.33Asia8 (26.7)3 (25.0)5 (27.8)Europe13 (43.3)7 (58.3)6 (33.3)North America9 (30.0)2 (16.7)7 (38.9)**Presenting symptoms**28Fever18 (64.3)7 (58.3)11 (68.8)0.70Shortness of breath14 (50.0)5 (41.7)9 (56.3)0.45Cough14 (50.0)5 (41.7)9 (56.3)0.45Chest pain10 (35.7)3 (25.0)7 (43.8)0.43Fatigue5 (17.9)3 (25.0)2 (12.5)0.62**Co-morbidities**27Hypertension7 (25.9)4 (33.3)3 (20.0)0.66diabetes mellitus2 (7.4)2 (16.7)0 (0)0.19Hyperlipidaemia2 (7.4)0 (0)2 (13.3)0.19**ECG**22Arrhythmia4 (18.2)3 (30.0)1 (8.3)0.29ST-segment changes13 (59.1)3 (30.0)10 (83.3)0.03T-wave changes3 (13.6)2 (20.0)1 (8.3)0.57**Serology**High troponin2522 (88.0)9 (90.0)13 (86.7)1.00High NT-pro-BNP1312 (92.3)7 (100)5 (83.3)0.46WCC (x10^9^/L)1012.5 (6.4)9.4 (5.7)14.6 (6.5)0.23CRP (mg/L)1375.6 (48.2)66.6 (52.8)86.1 (44.5)0.49**Echocardiogram**2822 (78.6)9 (81.8)13 (76.5)1.00LV systolic dysfunction2015 (75.0)6 (75.0)9 (75.0)1.00LVEF (%)1338.5 (16.5)41.0 (1.7)37.8 (19.0)0.78LV hypokinesia148 (57.1)3 (60.0)5 (55.6)1.00RV hypokinesia72 (28.6)02 (50.0)0.43LV dilatation113 (27.3)03 (37.5)0.49Intraventricular septum (mm)313.7 (0.6)14.013.5 (0.7)0.67Pericardial effusion197 (36.8)2 (22.2)5 (50.0)0.35CMR3011 (36.7)11 (91.7)0\<0.001EMB or autopsy305 (16.7)2 (16.7)3 (16.7)1.00**Management**25Hydroxychloroquine7 (28.0)3 (27.3)4 (28.6)1.00Steroids9 (36.0)3 (27.3)6 (42.9)0.68Colchicine2 (8.0)1 (9.1)1 (7.1)1.00IVIG7 (28.0)1 (9.1)6 (42.9)0.09Azithromycin5 (20.0)2 (18.2)3 (21.4)1.00Tocilizumab5 (20.0)2 (18.2)3 (21.4)1.00Lopinavir/ritonavir6 (24.0)2 (18.2)4 (28.6)0.66Heart failure medication4 (16.0)3 (27.3)1 (7.1)0.29Anti-arrhythmics1 (4.0)1 (9.1)00.44ECMO255 (20.0)05 (35.7)0.046IMV238 (34.8)2 (25.0)6 (40.0)0.66Vasopressor2314 (60.9)3 (37.5)11 (73.3)0.18ARDS235 (21.7)2 (25.0)3 (20.0)1.00**Outcome**30Recovery or discharged9 (30.0)5 (41.7)4 (22.2)0.42Death8 (26.7)2 (16.7)6 (33.3)0.42Undetermined13 (43.3)5 (41.7)8 (44.4)0.88[^1][^2]

In the 51 patients, 12 were confirmed cases of myocarditis diagnosed by histopathological evidence or CMR features fulfilling the Lake Louise consensus criteria ([Table 2](#tbl0002){ref-type="table"} ).[@bib0005], [@bib0006], [@bib0007] ^,^ [@bib0009] ^,^ [@bib0013], [@bib0014], [@bib0015] ^,^ [@bib0021], [@bib0022], [@bib0023], [@bib0024], [@bib0025] ^,^ [@bib0036] The remaining 39 were possible cases where authors reported a diagnosis of myocarditis, with or without supporting serological, electrocardiogram (ECG) and echocardiographic features. The age of confirmed cases was 39 (28.5--60) years, and 9 (75%) were male. Similarly, the most common presenting symptom was fever (58%), shortness of breath (42%), cough (42%), chest pain (25%), fatigue (25%) and diarrhoea (25%). In terms of comorbidities, 3 patients (25%) had hypertension, 1 had atrial fibrillation, 1 had diabetes mellitus and 1 was overweight. One patient recently recovered from COVID-19 pneumonia 3 weeks prior to presentation with myocarditis.Table 2Patient characteristics of confirmed cases of myocarditis.Table 2AuthorAgeSexCardiac biomarkerECGEchoCMRBiopsy/PMTrop (ng/ml)NT-pro-BNP (pg/ml)oedemaInjuryCoyle et al.57M7.33 (+)1300 (+)--Hypokinesia, LVEF 35--40%++NRSala et al.43F0.14 (+)512 (+)STHypokinesia, LVEF 43%++Immune cell infiltrate, oedema, necrosisYuan et al.33MNRNRVTNR+--NRInciardi et al.53F0.24 (+)8465 (+)ST, THypokinesia, LVEF 40%, pericardial effusion++NRKim et al.21F1.26 (+)1929 (+)VESevere LV systolic dysfunction++NRLuetkens et al.79M63.5 (+)1178 (+)----++NRCraver et al.17MNRNRNRNRNRNRImmune cell infiltrate, necrosisSardari et al.31M\<0.03 (-)NR--Mild LV systolic dysfunction++NRDoyen et al.69M9.00 (+)NRT, LVH--NR+NRPaul et al.35M2.89 (+)NRNR--NR+NROberweis et al.8M0.044 (+)5112 (+)STLV systolic dysfunction, pericardial effusion++NRWarchoł et al.74M0.10 (+)2451 (+)VTNR--+NR[^3]

On ECG, 2 patients had normal ECG, while 7 cases had ECG features consistent with myocarditis. Two patients had ventricular tachycardia, 1 had nonspecific intraventricular conduction delay and multiple premature ventricular complexes and 1 had a low atrial ectopic rhythm. Three patients showed ST-segment changes including elevation and depression, 2 had T wave inversions, 1 had diffuse U waves and 1 had low-voltage QRS complexes in limb leads. Troponin levels (troponin I or troponin T) were elevated in 9 patients, normal in 1 and not reported in 2. N-terminal pro B-type natriuretic peptide (NT-pro-BNP) was elevated in all 7 cases with reported values (median 1929pg/ml, range 512--8465). Inflammatory markers including white cell count, interleukin-6 levels and C-reactive protein levels were elevated in all patients.

Nine patients had echocardiography performed, and 6 had abnormalities consistent with myocarditis. Features included left ventricular (LV) systolic dysfunction (6 cases), with one reporting severe LV dysfunction. Pericardial effusion of up to 11 mm was observed in 2 patients. Other features include diffuse hypokinesis, dilated LV and increased wall thickness.

In 10 patients, myocarditis was diagnosed with cardiac magnetic resonance imaging (CMR) based on the Lake Louise Criteria,[@bib0036] which included signs of myocardial oedema on T2-weighted imaging and myocardial injury on T1-weighted imaging with late gadolinium enhancement (LGE) ([Table 2](#tbl0002){ref-type="table"}). The CMR was performed between day 3 to 18 of the hospital stay. The mean LV ejection fraction (LVEF) measured on CMR was 49% (SD 20%), and one case showed a recovery of LVEF from 35 to 40% on echocardiogram to 82% on CMR after two weeks. On T1-weighted imaging, 3 patients showed diffuse hypokinesis in the left and/or right ventricles, and one patient had mild hypokinesis at basal and mid LV segments. On T2-weighted imaging, 6 patients had diffuse increase in signal uptake suggesting diffuse myocardial oedema, one patient had localised oedema in the apical region and another in the mid inferoseptal and inferior wall regions. Only one patient reported no oedema on initial CMR and 2 patients had resolution of oedema within 2 weeks. Imaging with LGE found nonischaemic patterns of enhancement in 8 patients. The inferolateral regions were most commonly affected, and LGE ranged from subepicardial to transmural patterns. In contrast, 3 patients had no LGE and one patient showed normalization of CMR on repeated scan one week after. Three patients had pericardial effusions without tamponade, which was a supporting criterion in the Lake Louise consensus criteria.

Histopathological evidence was found in two patients, one from endomyocardial biopsy (EMB) and the other from autopsy after sudden death. In a patient with hypokinesis and diffuse myocardial oedema at basal and mid left ventricular segments on CMR, EMB showed diffuse T-lymphocytic inflammatory infiltrates. There was huge interstitial oedema and limited foci of necrosis, fulfilling the Dallas criteria.[@bib0037] However, SARS-CoV-2 genome was not identified within the myocardium, suggesting a diagnosis of acute virus-negative lymphocytic myocarditis. The second case was a previously healthy 17-year-old African American male who died on arrival to hospital after complaining of severe headaches, dizziness, nausea and vomiting for two days. Pathological examination of the heart found diffuse inflammatory infiltrates composed of lymphocytes, macrophages and prominent eosinophils, mainly in the interstitium and associated with multiple foci of myocyte necrosis. This was identified in both ventricles, and eosinophilic myocarditis was diagnosed.

Of the 12 patients with confirmed myocarditis, 3 were treated with hydroxychloroquine, 3 had steroids (methylprednisolone, hydrocortisone or oral prednisolone), 2 had azithromycin, 2 had lopinavir/ritonavir, 1 had colchicine, 1 had tocilizumab, 1 had oseltamivir and 1 had intravenous immunoglobulins. Heart failure was treated with diuretics, angiotensin converting enzyme inhibitors (ACEi) and beta-blockers. Although patients had complications such as heart failure, respiratory failure and multi-organ dysfunction, recovery of cardiac function occurred in 3 COVID-19 patients after severe disease requiring ICU admission. Six patients recovered or were discharged, one showed improvement and 2 patients died.

Discussion {#sec0005}
==========

Cardiac injury identified from an increase in cardiac biomarkers such as cardiac troponins has been shown to be associated with more severe disease in COVID-19 and was predictive of ICU admission and mortality.[@bib0038] This cardiac injury may be caused by systemic inflammation and cytokine storm due to the viral infection and is associated with elevated inflammatory biomarkers interleukin-6 and C-reactive protein. Other proposed mechanisms include acute coronary syndrome (ACS) caused by increased thrombosis and pro-coagulative changes, plaque rupture, demand ischaemia or vasospasm.[@bib0039] Direct viral infection of the myocardium may cause fulminant myocarditis. Fulminant myocarditis is characterised by sudden and severe diffuse inflammation of myocardium, leading to ventricular arrhythmias, cardiogenic shock and death.[@bib0040]

Patients with myocarditis often present with chest pain, fatigue and dyspnoea, which is similar to viral infections such as COVID-19, with or without myocarditis. Most of the cases identified in this meta-summary had one or more of these symptoms, as well as other symptoms such as myalgia, diarrhoea, nausea and vomiting and headaches. Myocarditis causes raised cardiac biomarkers, non-specific ST-segment and T-wave changes, and atrioventricular blocks on ECG. Echocardiograms are often performed, and typical features include global hypokinesis and pericardial effusion. Fulminant myocarditis is associated with increased septal thickness, possibly caused by myocardial oedema, but normal LV diastolic dimensions,[@bib0041] which was observed in one confirmed case of myocarditis caused by COVID-19.[@bib0009] Myocarditis presents similarly to ACS with ECG changes and cardiac injury, but coronary arteries are often normal on coronary angiography.

The gold standard in the diagnosis of myocarditis is histopathological evidence by EMB, but as it is an invasive procedure, it is often not clinically performed especially in a COVID-19 positive patient due to infection risk. Alternatively, a clinical diagnosis can be established with CMR which was performed in 10 patients in this study. Although CMR is indicated in patients presenting with acute chest pain with normal coronary arteries and recent systemic viral infection,[@bib0042] most cases had no CMR despite suggestive features of myocarditis on serology, ECG and echocardiogram due to difficulties of obtaining the scan in an infectious disease outbreak.[@bib0033]

Guidelines from European Society of Cardiology Working Group on Myocardial and Pericardial Diseases[@bib0043] recommended that heart failure and arrhythmias caused by myocarditis should be optimally managed, including use of diuretics, ACE inhibitors, beta-adrenergic blockade, anti-arrhythmics, temporary pacing and extracoporeal membrane oxygenation. Immunomodulatory therapy using anti-viral medications and intravenous immunoglobulins has been suggested but evidence of benefit is limited. Immunosuppression using steroids, azathioprine and ciclosporin is often attempted but guidelines recommend that they should be started only after ruling active infections by polymerase chain reaction. Although steroid therapy was initially thought to impair clearance of the SARS-CoV-2 virus,[@bib0044] the recent RECOVERY trial demonstrated that dexamethasone reduced mortality in patients receiving invasive mechanical ventilation and other oxygen therapy, but not in those without respiratory support.[@bib0045] The role of steroids in myocarditis caused by COVID-19 is therefore unclear and needs to be investigated further.

Recent studies identified a Kawasaki-like multisystem inflammatory syndrome in children, despite children previously thought to mainly present with mild respiratory symptoms unlike adults.[@bib0046] ^,^ [@bib0047] The prospective observational study found that 76% of the 21 children and adolescents with features of Kawasaki disease had myocarditis diagnosed on cardiac troponins, ECG and echocardiogram. All the patients in the case series, as well as two case reports included in this study, recovered,[@bib0019] ^,^ [@bib0024] suggesting that prognosis is good.

Study limitations {#sec0006}
=================

The studies included in this meta-summary were mostly case reports and case series, which were low on the hierarchy of evidence and the cases may not be representative or generalizable. The reporting of data in case reports were also incomplete, therefore risk of information bias is high. The diagnostic uncertainty of included cases was a major limitation, and there may be mimics such as stress and septic cardiomyopathy, although this was reduced by only including cases with confirmed myocarditis using pathological or CMR evidence at the expense of increased selection bias. EMB was not available in most cases but CMR was valuable to confirm myocarditis in coronavirus infections.

Conclusion {#sec0007}
==========

In this meta-summary of cases of myocarditis associated with COVID-19, we identified 12 cases with myocarditis diagnosed on CMR or histopathology and 39 cases with reported myocarditis based on cardiac biomarkers, ECG and/or echocardiogram. Patients with myocarditis often showed typical symptoms of fever, cough, shortness of breath and chest pain. In general, myocarditis is a rare presentation, but fulminant myocarditis can lead to severe disease and mortality in patients with COVID-19. Future studies should focus on reliable diagnosis of myocarditis in an outbreak scenario, and characterising these patients in larger, prospective studies.
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[^1]: Abbreviations: ARDS -- acute respiratory distress syndrome; CMR -- cardiac magnetic resonance imaging; CRP -- C reactive protein; ECMO -- extracorporeal membrane oxygenation; EMB -- endomyocardial biopsy; IMV -- invasive mechanical ventilation; IVIG -- intravenous immunoglobulins; LV -- left ventricular; LVEF -- left ventricular ejection fraction; NT-pro-BNP -- N-terminal pro B-type natriuretic peptide; RV -- right ventricular; WCC -- white cell count.

[^2]: Studies where patient level data were not available were excluded.

[^3]: Abbreviations: CMR -- cardiac magnetic resonance imaging; ECG -- electrocardiogram; Echo -- echocardiogram; F -- female; LVH -- left ventricular hypertrophy; M -- male; NR -- not reported; NT-pro-BNP -- N-terminal pro B-type natriuretic peptide; PM -- post-mortem; ST -- ST-segment changes; T -- T-wave changes; Trop -- troponin; VT -- ventricular tachycardia; "+" -- abnormal or elevated; "-" -- normal.
